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SYNTHESIS AND EVALUATION OF SPHERICAL QUASI PLANE WAVE 
REGIONS FOR  ANTENNA  PATTERN  MEASUREMENTS 
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The Techn ica l  Un ive rs i t y  o f  Denmark 
DK-2800 Lyngby Denmark 
plane wave as a f u n c t i o n  o f  t h e  d i r e c t i o n  o f  p l a n e  wave incidence. Thus t h e  v a r i -  
BY r e c i p r o c i t y  t h e  f a r - f i e l d  p a t t e r n  o f  an antenna i s  i t s  response t o  an i nc iden t  
ous t y p e s  o f  t e s t  ranges may be regarded as d i f f e r e n t  ways o f  e s t a b l i s h i n g  a quasi 
p lane wave i n  a volume containing  the  antenna  under  test ,  111. This  again  leads 
t o  t h e  i d e a ,  t h a t  d i f f e r e n t  ranges may be evaluated and compared through the qual i -  
ty   o f   the  synthes ized  or   generated  quasi   p lane waves, C11,  C21. In   connect ion 
w i t h  t h i s  two major problems arise: 
I) To choose a c o n v e n i e n t  f i g u r e  o f  m e r i t  f o r  t h e  q u a l i t y  o f  t h e  q u a s i  p l a n e  
II) To evaluate  the measurement e r r o r  a r i s i n g  f r o m  i m p e r f e c t i o n  i n  t h e  p l a n e  
wave. 
wave. 
Two d i f f e r e n t  ways o f  e v a l u a t i n g  t h e  q u a l i t y  o f  t h e  p l a n e  wave zone sha l l  he des- 
cr ibed. The second method i s  deduced from JI) above,  and i t  seems t o  be v e i y  e f f i -  
c ient  for  the synthes is  problem, which has been  considered by severa l  authers re-  
cen t ly ,  [21, [31. 
The f i g u r e  i l l u s t r a t e s  t h e  g e o m e t r y .  
A spher ica l   sur face S enc los ing  
centered i n   t h e   o r i g i n .  All sources 
the  quasi  plane wave zone V i s  
o f   the  quasi   p lane wave (i,!) must 
be ou ts ide  S . Now. t h i s  wave i s  
k w r i t t e n  as a sum o f  an ideal  p lane wave propagat ing   in   the  
p o s i t i v e  z - d i r e c t i o n  and  an e r r o r  
f i e l d  (LE,@) . Ep i s   p u r e l y   x -  
po la r i zed  and  equaTs the  x-component 
o f   i n  the   o r i g in .   I ns ide  S t h e   r r o r   f i e l d  ( i E , H E )  i s  expanded i n   s p h e r i -  
ca l  waves: 
where R i s  t h e  r a d i u s  o f  S , and f+,,, (1 1 a re   the   spher ica l   vec tor  wave func- 
wh i l e  an index (4)  ind ica tes  an outwards  propagat ing  type  of  wave func t ion .  Note, 
t i ons   i n t roduced   i n  141. The index ( 1 )  Ind ica tes  a standing wave type  o f   func t ion ,  
t ha t  t hese  f i e lds  a re  those  tha t  ex i s t  w i th  no t e s t  antenna i n  V . 
Usually,  the  antenna  under  test w i l l  be ro ta ted   i n   t he   quas i   p lane   f i e ld .   Th i s  
a t i o n  i s  d e s i r a b l e .  
seems t o  i n d i c a t e , t h a t  some k ind  o f  spher i ca l  eva lua t i on  o f  t he  p lane  wave dev i -  
F i e l d  e v a l u a t i o n  o f  p l a n e  wave dev ia t i on  
I n  each po in t  o f  the  quas i  p lane wave, the  dev ia t ion  is  de f ined th rough 
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where 11 i s   t h e   f r e e  space wave impedance. T h i s   f i g u r e   o f   m e r i t   t a k e s   i n t o  
account l o th  amp l i t ude  and phase e r r o r s  and requ i res  on ly  one s c a l a r  f o r  each 
point .  To reduce the number of  dimensions, we concentrate on the spher ical  
shape o f  the  p lane wave reg ion by in t roducing the "spher ica l  prof i le"  o f  the 
plane wave dev iat ion:  
Measurement e r r o r  e v a l u a t i o n  of plane wave d e v i a t i o n  
w i th  rad ia t i on  desc r ibed  th rough  
We now assume, t h a t  S i s  t h e  minimum sphere  enclosing a g iven tes t  antenna, 
The ideal  p lane wave has a spherical wave expansion conta in ing only  m = f l  modes. 
Neg lec t i ng  mu l t i p le  sca t te r i ng  and assuming generator and load t o  be matched, 
Lorentz Theorem may be used t o  d e r i v e  t h e  f o l l o w i n g  e x p r e s s i o n  f o r  t h e  measured 
s ignal :  . 
where i s   t h e   u n i t   v e c t o r   i n   t h e   r a d i a l   d i r e c t i o n ,  and C i s  a constant. As 
(5) i s   l i n e a r  in t h e   f i e l d  (E,H), t he   s igna l  u may be  devided  into a s igna l  
u = u 0 + h  . However, t h i s  s e p a r a t i o n  i s  o n l y  p o s s i b l e ,  If t h e  t e s t  antenna-is- 
u o   c o r r e s p o n d i n g   t o   ( ~ p , ~ p ) - ~ l u s  an e r r o r   s i g n a l  Au .corresponding  to (EE,HE): 
known. 
Usual ly,  the a p r i o r i  knowledge about the antenna i s  l i m i t e d  t o  i t s  p h y s i c a l  
P!:A r a d i a t e d   i n  modes of   order n > k,,R will be very  small   (except  for  "super- 
s i z e  and some d i rec t i ona l  p roper t i es .  From t h i s  i n f o r m a t i o n  we know, t h e  e f f e c t  
o f  h ighe r  o rde r  modes in  the  pa t te rn .  Fur ther ,  by  ro ta t ing  the  antenna,  the power 
ga in  antennas"), [ S I .  D i rect ive antennas tend to  have  a r e l a t i v e l y  h i g h  c o n t e n t  
spectrum €P!:i/Prad} remains  unchanged, 161. These considerat ions seem t o   i n d i -  
cate, the power spectrum w i l l  be  a s u i t a b l e  a p r i o r i  s p e c i f i c a t i o n  o f  t h e  t e s t  
antenna. 
surement e r ro r .  By doing so the  fo l lowing  upper  bound U on   t he   re la t i ve  m e a -  
Now, f o r  each n r e d i s t r i b u t e   t h e  power  on s and m t o  maximize  the mea- 
surement e r r o r  i s  achieved, C71: 
whereugi,, i s  t h e  i d e a l  s i g n a l  w i t h  i s o t r o p i c  r a d i a t i o n  and po la r iza t ion  match ing .  
The or thogona l i t y  o f  the  wavefunc t ions  has  been exp lo i ted .  Note, t ha t  t he  numbers 
{ U n l  are  independent  of  the  test  antenna. 
power pattern spreads out,  because t h e  p r o b a b i l i t y  f o r  a t t a i n i n g  it reduces. Th is  
The e r r o r  bound U w i l l  be inc reas ing l y   pess im is t i c ,  when t h e  t e s t  antenna 
measuring w i t h  a H e r t z i a n  d i p o l e  a t  some reference distance (e.g. the Rayleigh 
e f f e c t  can be taken  into  account  by  comparing U w i t h  t h e  bound t h a t  r e s u l t s  from 
5 74 
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d is tance 8R /X). For  the same reason, the  error  spectrum CUn} should be com- 
pared w i th   the   spec t rum  fo r  a d ipo le .  If Un i s   s m a l l   f o r  n 5 koR, then  the 
plane wave d e v i a t i o n  w i l l  be  "small"  inside a sphere  wi th   rad ius R . 
2 
Results 
e f f i c i e n t s  f o r  p l a n e  c y l i n d r i c a l  a r r a y s  o f  H e r t z i a n  d i p o l e s .  
The e r r o r  bound formula (6)  has been used to  de te rm ine  op t ima l  exc i ta t i on  co- 
a x i s  p l u s  a  number o f  c o n c e n t r i c  c u r r e n t r i n g s  i n  the  p lane z = -d . All cur ren ts  
are  x-d i rected.  Now, the  p lane wave dev ia t i on   i ns ide  a sphere o f   r a d i u s  R i s  
"minimized" w i t h  r e s p e c t  t o  t h e  r i n g  e x c i t a t i o n s  i n  t h e  f o l l o w i n g  way. Imagine, 
w i t h  a power spectrum,  which i s  constant up t o  koR  beyond which limit i s  decreases 
tha t  the generated quasi plane wave i s  used f o r  measurements on a t e s t  antenna 
exponent ia l l y .  The e r r o r  bound U f o r   t h i s  measurement i s  min imized  wi th   respect  
t o   t h e   r i n g   e x c i t a t i o n s ,   u s i n g   n o n l i n e a r  programming.  With R = 141, d = 240X 
and  a two r i n g  antenna,  the so lut ion was found i n  about 5 seconds o f  CPU t ime on 
an IBH 3033. 
For t h i s  purpose  an  ideal ized  measuring  antenna  is used:  one d ipo le on the z-  
of  each r i n g .  The sampl ing  requirements  are  studied  in 171. 
Fig.  1 shows er ro r   spec t ra  {Un} f o r  a couple  of   opt imized  r ing  antennas.  Radius 
of  the  plane wave r e g i o n   i s  R = l O A ,  koR 1: 63 i n  t h i s  case. 
measurement d is tance  i s   about  one t h i r d  o f  the  Rayle igh  d is tance.  I t  was found, 
Fig.  2 shows s p h e r i c a l  p r o f i l e s  f o r  a couple o f  sampled opt imal   r ing  antennas.  The 
s i g n i f i c a n t  r e d u c t i o n  i n  t h e  s e n s i t i v i t y  t o  s m a l l  w e i g h t  e r r o r s  was obtained. Re- 
t h a t  t h e  e f f e c t  o f  t h e  i n c r e a s e d  r i n g  r a d i i  o n  t h e  p r o f i l e  was negl ig ib le .   But  a 
P lac ing  the  d ipo les  w i th  open c i r c u l a r  waveguides ( rad ius  0.35A) d i d  n o t  l e a d  t o  
v i s i b l e  changes i n  t h e  s p h e r i c a l  p r o f i l e s .  
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Fig. 1 .  Error  spectra CUnl for  a dipole and for  three  optimal  ring  antennas. 
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A FREQUENCY TRACKING, TUNED, RECEIVING MINOPOLE 
Gerome Reeve and Arthur  Wainwright 
Electromagnetic Fields Division 
National Bureau of Standards 
Boulder,  Colorado 80303 
Various active antennas have been utilized for receiving purposes 
i n  the low t o  medium high frequency region because of the i r  advan- 
tage of high sensi t ivi ty  for  a  given size. They  have certain draw- 
backs however, such as limited dynamic range and in temdula t ion  
distortion. While no technical approach is sat isfactory for  a l l  
purposes, the antenna described i n  this paper was designed for  weak 
short wave signal reception i n  the presence o f  very large out-of- 
band signals, e.g., cormnercial broadcast stations. 
The antenna proper consists of a 2.5 meter collapsible monopole 
(whip) which is resonated w i t h  an inductance, and a pair o f  watched 
voltage variable capacitive diodes, to the frequency of interest. 
The signal a t  the base of the antenna is then applied to a V-MOS 
power FET follower circuit w i t h  negative feedback yielding an out- 
variable capacitive diodes and a re   s e t   t o  match the bands of a 
p u t  a t  a 50 R impedance. Octave bands can be tuned w i t h  the voltage 
typical f ield intensity meter (FIM). Operating bandwidths  vary 
from approximately 10 kHz a t  250 kHz to 1 MHz a t  30 MHz. 
Referring t o  figure 1, a simplified block diagram, we see that the 
tuning of the antenna is controlled by the FIM. An output voltage 
avai lable  a t  t h e  rear of the FIM is proportional to  the frequency 
to  which i t  is tuned. T h i s  voltage is digitized in an A/D converter 
and used as the address for a ROM lookup table. The output of the 
ROM memory goes t o  a O/A converter and tunes the variable capaci- 
t ive  diode circuit  to the proper frequency. A front panel control 
allows manual t u n i n g  i f  desired. Band switching signals, also 
available from the FIM, act ivate  reed relays to switch the reso- 
nating inductors i n  the antenna circuit. Broadband untuned oper- 
ation of the antenna is also available when desired,  or to be used 
below  250  kHz,  which is the lowest octave band available i n  the 
FIN being used. A 20 dB capacitive divider switchable attenuator 
allows signals of up  t o  1 volt/meter to be handled i n  the untuned 
configuration w i t h  in temdula t ion  products > 80 dB below signal 
level. The data shown in the following figures however is w i t h  
the attenuator in the zero dB position. 
Figure 2 shows the response of the antenna i n  terms o f  antenna 
factor  (AF) which i s :  
AF = 2o1ogl0 . E f i e l d  
There are several ways to represent the sensit ivity of antennas, 
not  a l l  of  which are equally meaningful t o  the person making f ie ld  
intensity measurements. In figure 3 the noise f loo r  of the antenna 
U. S .  Government  work not protected by u. S .  copyrioht. 
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is plotted in terms of the equivalent RMS field strength i n  dB 
p volts/meter which that noise represents. Also plotted on the 
same curve i s  t he  quasi-minimum atmospheric background noise level 
(ECAC-CR-76-074 October 1976) which i s  useful i n  gauging the 
a b i l i t y  t o  measure  background noise levels i n  typical locations. 
versus signal level for interfering signals located w i t h i n  the 
Figure 4  shows second and third order intermodulation responses 
octave below the frequencies being tuned. Figures 5 and 6 show the 
dramatic improvement i n  spectrum analyzer performance using this 
antenna i n  the tuned mode.  In figure 5 the antenna i s  operating i n  
the broadband configuration w i t h  the result ing large number of dis- 
tortion products, many generated w i t h i n  the spectrum analyzer 
i t s e l f .  Figure 6 shows the 4 - 8 MHz frequency band tracked w i t h  
the spectrum analyzer i n  this range. 
The antenna i s  mounted on a small aluminum enclosure which connects 
t o  a control/interface u n i t .  The ROM lookup table and analog con- 
ditioning circuits are located on a  plug-in personality card so the 
t u n i n g  function can  be adapted to other FIMs. Internal batteries 
allow for portable operation. For  more ve r sa t i l i t y  an IEEE 488 bus 
interface is being contemplated. 
I t  i s  f e l t   t h a t  this antenna combines f lexible  performance w i t h  
enhanced sensi t ivi ty  accompanied by  low distortion products, i n  
the tuned mode of operation. 
FET 
FIM 
AUTO/MANUAL 
FREQUENCY 
BAND - c 
DlA  AID 
L , =  
Figure 7. Simplified I 
block  diagram.  Frequency I 
tracking, tuned, I receiving  mo opole. I 
I 
I AUTOIMANUAL 
I- 
d 
BANDSWITCHING -- 
I 
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Figure 3. Sensitivity  inoise floor) of antenna. 
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